Resting energy expenditure (REE) is partially dependent on the sympathetic nervous system as evidenced by the fact REE decreases during systemic beta-adrenergic blockade. It is not known how gastric bypass affects the sympathetically mediated component of REE or muscle sympathetic nerve activity (MSNA). We measured REE before and after beta-blockade in female subjects approximately three years post-gastric bypass surgery and in female obese individuals for comparison. We also measured MSNA in a subset of these subjects. The gastric bypass subjects had no change in REE after systemic beta-blockade, reflecting a lack of sympathetic support of REE, in contrast to obese subjects where REE was reduced by beta-blockade by approximately 5% (P<0.05). The gastric bypass subjects, while still overweight (BMI = 29.3 vs 38.0 kg/m 2 for obese subjects, P<0.05), also had significantly lower MSNA compared to obese subjects (10.9 ± 2.3 vs. 21.9 ± 4.1 bursts/min, P<0.05). The reasons for low MSNA and a lack of sympathetically mediated support of REE after gastric bypass are likely multifactorial and may be related to changes in insulin sensitivity, body composition, and leptin, among other factors. These findings may have important consequences for the maintenance of weight loss after gastric bypass. Longitudinal studies are needed to further explore the changes in sympathetic support of REE and if changes in MSNA or tissue responsiveness are related to the sympathetic support of REE.
Introduction
It has been demonstrated that a component of resting energy expenditure (REE) is dependent on the sympathetic nervous system 1 . Specifically, systemic administration of the nonspecific beta-adrenergic receptor antagonist propranolol reduces REE between 3-5% 2 . In the context of obesity, it has been hypothesized that the increase in resting sympathetic neural activity (tone) that occurs in response to weight gain is an adaptive mechanism to increase REE and promote restoration of weight back to a given set-point 3 . However, there is evidence that an increase in sympathetic tone is not always associated with an increase in the sympathetic component of REE. For example, aging is associated with increased baseline sympathetic activity 4 but a smaller sympathetically mediated component of REE 5 that appears to be due to a decrease in tissue adrenergic responsiveness induced by chronic sympathetic activation 6 . Thus, the role of sympathetic activation in maintaining weight balance is not clear. Importantly, sympathetic control of REE after bariatric surgery has not been studied.
Bariatric surgery is an increasingly common treatment for patients with medically complicated obesity who have difficulty losing weight by other means. The success of this surgery is related to both the sustained weight loss and the improvements in cardiovascular and metabolic function that occur relatively rapidly after the surgery. In this context, while indirect indices of sympathetic activity have been shown to be lower after various types of bariatric surgery [7] [8] [9] , similar to the effects of weight loss induced by dieting and exercise 10 , sympathetic activity after gastric bypass has not been directly measured.
The goals of the present study were to compare the contribution of the sympathetic nervous system to REE between individuals who had undergone gastric bypass surgery and obese subjects/individuals. The sympathetic component of REE was determined by measuring REE before and after systemic beta-adrenergic receptor blockade. A second goal of this study was to compare levels of sympathetic neural activity between these same groups of individuals and determine the relationship between sympathetic activity and the sympathetic support of REE. Microneurography was used to measure multi-unit muscle sympathetic nerve activity (MSNA) as a marker of baseline sympathetic activity. We hypothesized that gastric bypass surgery would be associated with an increase in the sympathetic component of REE compared to that of obese individuals. We further hypothesized that the increase in sympathetically mediated REE would be associated with lower levels of MSNA compared with obese subjects, reflecting upregulation of adrenergic responsiveness.
Materials and Methods
The Mayo Institutional Review Board (IRB) approved the study and the subjects gave written informed consent. The Clinical Research Unit (CRU) of the Mayo Clinic Center for Translational Science Activities (CTSA) was used for this study.
Subjects
Subjects between the ages of 18 and 45 years were included in this study. As we were only able to recruit women for the gastric bypass group, consistent with the fact that approximately 85% of the individuals who undergo bariatric surgery are women 11 , we only studied female subjects. Seventeen subjects who had undergone gastric bypass (GB) at least twelve months prior were recruited from a database of patients who had open or laparoscopic proximal Roux-en-Y (limb length ~150 cm) gastric bypass operations at Mayo Clinic for medically complicated obesity refractory to behavioral modification. The average BMI of the gastric bypass subjects prior to their surgery was 45.7 ± 1.2 kg/m 2 . The average time from surgery to their study day was 39±5 months and their weight at the time of study was 36 ± 2% less than their pre-surgical weight. We also recruited nineteen healthy obese subjects (BMI > 35 kg/m 2 ). Five of the obese control subjects had previously undergone either abdominal and/or gynecological surgical procedures that were not related to weight loss surgery and none had procedures done within nine months of the study.
Individuals allergic to the drugs used in this study or known to have metabolic, neurological, pulmonary, renal, or cardiovascular diseases were ineligible for the study. Subjects who smoked or were taking any drugs known to affect metabolic, cardiovascular, or neurological function were excluded. Female subjects had a confirmed negative pregnancy test within 48 hrs of any experiment and were studied during the early follicular phase of the menstrual cycle or days 3-7 of the placebo phase of oral contraceptive therapy. Each subject underwent a medical history and a physical exam by a study physician and had a fasting lipid panel, glucose, and creatinine measured and a resting electrocardiogram performed. Persons taking part in an endurance training program (aerobic exercise > 60 min/day and > 5 days/week for > 1 month) were also excluded.
Body composition measurements were performed prior to the study day. Whole-body and regional fat mass, and fat-free mass were measured with dual-energy X-ray absorptiometry (DEXA) (DPX-IQ, Lunar Radiation, Madison, WI). Single-slice CT scans were performed at abdomen (second lumbar vertebrae level) and quadriceps (mid-thigh) levels to measure visceral, abdominal subcutaneous, and thigh fat content 12 .
Sympathetic support of REE was measured in all subjects as described below. Resting MSNA was measured as described below in 25 of the subjects (obese = 14, gastric bypass = 11) on the same day prior to measuring the sympathetic support of REE. For three days preceding these measurements, subjects received weight-maintenance meals provided by the CRU metabolic kitchen with a macronutrient distribution of 50% carbohydrate, 20% protein, and 30% fat. Total meal energy was calculated as the sum of basal energy expenditure (estimated from the Harris-Benedict equation) and estimated energy expenditure from activity.
Studies were conducted at the same time each day (starting at 0700 hrs). Subjects were studied fasting except for water after midnight. An intravenous catheter was placed into a hand vein for drug administration. In subjects undergoing measurements of MSNA, a 20-gauge, 5-cm catheter was placed into the brachial artery under aseptic conditions using ultrasound guidance and local anesthesia (2% lidocaine). Subjects were studied in a supine or semi-recumbent position at rest with care taken to minimize distractions. Throughout the study, heart rate (HR) was measured from a 3-lead ECG. Blood pressure (BP) was measured using automated sphygmomanometry every 5 min (Cardiocap/5, Datex-Ohmeda, Louisville, CO) or from the arterial catheter, if present. Blood samples were drawn for the measurement of plasma renin activity and leptin, insulin, aldosterone, epinephrine, and norepinephrine concentrations. Standard assays were performed by the Immunochemistry Core Laboratory of the Clinical Research Unit of the Mayo Clinic CTSA and the Endocrine Laboratory of the Mayo Clinic Department of Laboratory Medicine and Pathology.
Measurement of the sympathetic support of REE
After a rest period, an intravenous bolus of saline was given followed by a continuous intravenous infusion of saline for 30 min during which HR and BP were measured and measurements of REE were performed by trained respiratory therapists using indirect calorimetry (Deltatrack, Sensormedics, Yorba Linda, CA). After the control measurements were complete, a bolus of propranolol (non-selective beta-adrenergic antagonist) was given at the dose of 0.25 mg/kg followed by a continuous intravenous infusion of 0.004 mg/kg/min for 30 min during which measurements of REE, HR, and BP were repeated. This dose of propranolol has been used in previous studies of the sympathetic support of REE and has been shown to result in complete beta-adrenergic blockade based on both plasma concentrations of propranolol and a lack of a response to exogenous adrenergic agonists 2 . The volumes of the saline bolus and infusion administered were equivolume to propranolol. The order of infusions was not randomized due to the long duration of action of propranolol. The sympathetic support of energy expenditure was calculated as the difference in REE measured between saline and propranolol infusions.
Measurements of MSNA
Multiunit MSNA was recorded with a tungsten microelectrode in the peroneal nerve, posterior to the fibular head, as previously described 13 . Real-time, 2-dimensional ultrasound guidance (M-Turbo, SonoSite Inc., Bothell, WA) was used in some subjects to place the microelectrode into the peroneal nerve under direct visualization 14 . The signal was amplified 80,000-fold, band-pass filtered (700 to 2000 Hz), rectified and integrated (resistance-capacitance integrator circuit, time constant 0.1 sec) by a nerve-traffic analyzer. Data were recorded at 250 Hz using a computer data acquisition system (WinDaq, DATAQ Instruments, Akron, OH) and stored for off-line analysis. Sympathetic bursts in the integrated neurogram were identified using a custom-manufactured automated analysis program 15 . A single observer then corrected burst identification to eliminate artifacts. The program then compensated for baroreflex latency and associated each sympathetic burst with the appropriate cardiac cycle. MSNA was quantified as bursts per minute (burst frequency) and bursts per 100 heartbeats (burst incidence).
All data are presented as mean ± SEM. Paired t-tests were used to compare energy expenditure during saline and propranolol infusions. Tukey tests and t-tests were used for pair-wise comparisons. To access the relationships between sympathetic support of REE and MSNA and other variables, linear regression analysis was performed and Pearson correlation coefficients calculated. P values < 0.05 were considered significant.
Results
Subject characteristics and baseline laboratory values are shown in Table 1 . At baseline, there was no difference between the gastric bypass and obese groups in resting mean arterial pressure. Systemic administration of propranolol resulted in a significant decrease in heart rate of 8 ± 1 beats/min (P < 0.0001) but no change in mean arterial blood pressure. There was no difference in the change in heart rate during propranolol infusion between the groups.
Resting energy expenditure (kcal/24 hrs) during saline (control) infusions was significantly greater in obese subjects (1816.8 ± 53.5) compared to gastric bypass subjects (1595 ± 48.4) (P < 0.05) (Figure 1a ) but when expressed per kg of lean body mass, REE was similar between the groups (Figure 1b ). Resting energy expenditure significantly decreased 5.0 ± 0.8 % after systemic beta-adrenergic blockade in obese subjects (−89 ± 14.3 kcal/24 hrs) but there was no change in REE in the gastric bypass subjects (Figure 1a) . Similar results were found when the data were adjusted for lean body mass (Figure 1b) .
MSNA (both burst frequency and bursts/100 heart beats) was significantly lower in gastric bypass subjects compared with obese individuals (Figure 2a and 2b) . Plasma norepinephrine concentrations were also significantly lower in gastric bypass subjects compared with obese subjects (Table 1) . There was no relationship between MSNA and age. When all subjects were considered, resting MSNA showed strong and significant relationships to indices of fatness, including BMI (R 2 = 0.32, P < 0.01), % body fat (R 2 = 0.38, P < 0.01), total fat mass (R 2 = 0.37, P < 0.01), and abdominal fat subcutaneous fat (R 2 = 0.38, P < 0.01). We also found a significant association between plasma leptin and insulin concentrations and MSNA (bursts/min) (R 2 = 0.31, P < 0.05 and R 2 = 0.30, P < 0.05, respectively).
Since age is know to be associated with a decrease in the sympathetic support of energy expenditure 5 as well as an increase in muscle sympathetic nerve activity 16 and there was a small but significant difference in the age between the obese and gastric bypass subjects in this study, we repeated all group comparisons using multivariable methods with age included as a covariate. Using this approach, we again found significant differences between the obese and gastric bypass subjects in the change in energy expenditure during systemic beta-adrenergic blockade (P<0.01) and in resting MSNA (bursts/min and bursts/100 heart beats, P<0.05, both).
Overall, REE was not related to resting MSNA. Similarly, there was no overall relationship between MSNA and the change in REE after beta-blockade. However, when the data were analyzed by subject group, we did find a strong and significant inverse relationship between MSNA and the change in REE after beta-blockade in the obese (R 2 = 0.48, P < 0.05) but not gastric bypass subjects.
Discussion
This is the first study to have measured the sympathetic component of REE in individuals who have undergone gastric bypass and the first to use microneurography to directly measure sympathetic activity in this population. The main finding of this study was that, unlike obese subjects, subjects who had undergone gastric bypass had no sympathetic component of REE (i.e., no change in REE with beta blockade). A second important finding was that resting sympathetic activity (measured as MSNA) was lower in gastric bypass subjects compared with obese subjects. Finally, we found that there was a relationship between the sympathetic support of REE and MSNA in obese subjects, but this relationship was absent in the gastric bypass subjects.
As expected, the sympathetic component of REE was approximately 5% of the total REE in the obese subject groups, similar to previous studies 6 . However, we were surprised to find that that there was a complete lack of sympathetic support of REE in the gastric bypass subject group. It has been shown that high levels of MSNA in older (lean) individuals are paradoxically associated with a very low sympathetic support of REE 5 and that older individuals have a lower increase in energy expenditure in response to exogenous adrenergic agonists 17 . This suggests that the low sympathetic support of REE in older individuals is due to a decreased responsiveness in the tissues to sympathetic stimulation as a result of chronic elevation in sympathetic tone. Based on these data from older lean subjects and the fact that gastric bypass surgery has been shown to increase the skin vasoconstrictor response to deep inspiration 18 (indicating that the response to sympathetic activation is increased after gastric bypass), we had hypothesized that lower levels of MSNA might result in greater sympathetic support of REE. Instead, we found that the low levels of resting MSNA in this group seemed to translate directly into a lower sympathetic support of REE. The combination of lower sympathetic activity and reduced sympathetic component of REE is similar to that seen during energy restriction, low activity levels, and low energy flux (low caloric intake accompanied by low energy expenditure) 5, 19 . Preliminary data from our lab suggests that the gastric bypass subjects have a low level of daily physical activity 20 . This indicates that low energy flux and low activity levels may be responsible for the low sympathetic support of metabolism. Further studies are needed to determine if following gastric bypass, individuals have the ability to increase their energy expenditure in response to sympathetic stimulation.
In our study, the subjects who had undergone gastric bypass surgery had lower levels of MSNA than the obese subjects and it has been shown that body fat is a major determinant of MSNA 21 . While the gastric bypass subjects had a large percentage of body fat for their body mass, our data supports the idea that the relative distribution of body fat is important. Central obesity is particularly associated with sympathetic activation 22 and abdominal fat was highly correlated with MSNA in the current study. The gastric bypass subjects, despite the fact that they still had a relatively large amount of body fat, had approximately half the abdominal fat compared with the obese subjects and an even lower proportion of visceral fat. One possible explanation for the increased MSNA in abdominal obesity that has been proposed is an increase in leptin secretion from this adipose tissue 23, 24 . We also found a significant relationship between leptin and MSNA in this study, consistent with this theory.
We also found that both plasma insulin and leptin levels were lower in the gastric bypass subjects compared with the obese subjects and were related to MSNA levels. We have previously shown in a similar group of subjects who had undergone gastric bypass surgery that insulin sensitivity, particularly the insulin sensitivity of lipolysis, and fasting insulin Curry et al. Page 6 Obesity (Silver Spring). Author manuscript; available in PMC 2013 September 01.
levels are almost equal to that of young lean persons 25 . Insulin stimulates sympathetic activity 26, 27 and improved insulin sensitivity (and the resulting decrease in plasma insulin levels) after weight loss has been associated with a decrease in MSNA 28 . Free fatty acids (FFA) have been shown to increase MSNA 29 and greater suppression of lipolysis by insulin may have contributed to the lower levels of MSNA in this group. This is also the first study to provide data regarding the relationship of MSNA with the sympathetic support of REE. The strong inverse relationship between MSNA and the sympathetic support of REE in the obese subjects indicates that obesity-associated increases in sympathetic nerve activity resulted in lower sympathetic support of REE. Similar results of an inverse relationship between plasma norepinephrine concentration and the sympathetic support of REE have been reported before 2 . While it has been proposed that the increased sympathetic tone associated with obesity is an adaptive response that increases REE in order to maintain a normal weight 30 , our results support the idea that the sustained sympathetic activation that occurs during chronic obesity results instead in a reduced sympathetic responsiveness 28, 31 . The lack of a relationship between MSNA and the sympathetic support of REE in the gastric bypass group suggests an uncoupling of sympathetic activity and its support of REE by massive and sustained weight loss.
Although the sympathetic component of REE seems small compared with total REE, the "extra" 90 kcal/day that the obese group expends via sympathetically mediated pathways translates into approximately 4.3 kg of body weight per year. The importance (for body weight) of the sympathetically mediated component of REE is demonstrated by the fact that individuals who start chronic beta-adrenergic antagonist therapy demonstrate a 1 kg weight gain after only five months 32 . Weight reaches its nadir approximately two years after gastric bypass surgery at which time some weight gain is commonly seen 33 . It may be that the low level of sympathetic support of REE we have shown is partially responsible for long-term weight regain after gastric bypass surgery. Alternatively, it may be that individuals who require gastric bypass to lose weight have a fundamental inability to increase energy expenditure via sympathetic stimulation.
There are some limitations to our study: First, it was not a prospective study and therefore the time course of the effects of gastric bypass surgery on MSNA and sympathetic support of REE cannot be determined. Thus, we cannot determine from the present data whether a lack of a sympathetic component of REE in this group contributed to their extreme obesity and need for gastric bypass surgery, or was the result of their weight loss. Further studies are needed to further evaluate this and related questions. Second, although we attempted to match for age, there was a small but significant difference in age between the obese and post-gastric bypass subjects due to difficulties recruiting healthy obese subjects and younger gastric bypass subjects. Although age is generally associated with increased MSNA and age > 60 has been shown to be associated with a decreased sympathetic support of REE 5 , the gastric bypass subjects were relatively close in age to the obese subjects and also had lower (not greater) levels of MSNA. The results of performing group comparisons using multivariable methods with age included as a covariate suggest that the small difference in age did not affect our results. Finally, we did not match subjects by body composition, activity levels, or leptin and insulin concentrations. Unfortunately, the relatively small numbers of subjects in each study group do not allow meaningful further multivariable modeling to be being performed. Further studies are needed to determine what specific factors are responsible for the differences we observed in our study.
In conclusion, gastric bypass is associated with an almost complete absence of sympathetic contribution to REE and lower levels of resting sympathetic activity. Just as the increase in MSNA in obesity is likely multifactorial, the effect of gastric bypass on MSNA probably is as well. The physiological and/or pathophysiological consequences of the low sympathetic nervous system activity after gastric bypass are not known. The lack of sympathetic contribution to REE may be related to lower sympathetic activity or tissue responsiveness, and may have implications for weight gain after gastric bypass surgery. Similarly, whether or not weight loss achieved via behavior modifications such as caloric restriction and/or exercise has similar effects on the sympathetic support of energy expenditure needs to be explored. Resting MSNA by subject group. a) Burst frequency (bursts/min), b) Burst incidence (bursts/100 heart beats). * = P < 0.05 vs. obese.
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